INTRODUCTION
============

The simple gas ethylene has been recognized as a plant growth regulator for a century ([@b16-molce-38-7-597]; [@b39-molce-38-7-597]; [@b51-molce-38-7-597]). Ethylene influences many aspects of plant growth and developmental processes, including germination, fruit ripening, flower senescence, leaf abscission, nodulation, lateral root initiation, and the response to a variety of abiotic and biotic stresses ([@b1-molce-38-7-597]; [@b47-molce-38-7-597]). The Russian scientist Neljubov first demonstrated that ethylene is the responsible component caused the early defoliation of the tree nearby a leaking illuminating gas main in a small German town in the late1800's ([@b51-molce-38-7-597]). Neljubov used pea seedlings to determine that ethylene is the active component of the illuminating gas by exposing the filtered illuminating gas to pea seedlings. The pea seedlings exhibited distinctive morphology changes which include shortening of hypocotyl and root, swelling and thickening of hypocotyl, and formation of exaggerated hook. This seedling phenotype was later defined as the triple response, which is a hallmark of the ethylene response of dark-grown seedlings ([@b39-molce-38-7-597]). 30 years later, Gane showed that ethylene is naturally produced by plants ([@b27-molce-38-7-597]).

Through the efforts of Yang and co-workers, the biosynthesis of ethylene was fully elucidated in late 1980's ([Fig. 1](#f1-molce-38-7-597){ref-type="fig"}) ([@b37-molce-38-7-597]; [@b74-molce-38-7-597]; [@b81-molce-38-7-597]). The pathway of ethylene biosynthesis is simple and straightforward. Ethylene is synthesized from the amino acid methionine via two intermediates, S-adenosyl methionine (SAM) and 1-aminocyclopropane-1-carboxylic acid (ACC) ([@b2-molce-38-7-597]; [@b43-molce-38-7-597]). In the first step, methionine is converted to SAM by SAM synthases. Conversion of SAM to ACC, which is catalyzed by a family of ACC synthase (ACS) enzymes, is the first committed and rate-limiting step in ethylene biosynthesis ([@b9-molce-38-7-597]; [@b74-molce-38-7-597]). During this conversion, 5-methylthioadenosine (MTA) is generated as a by-product which is readily recycled back to the Yang cycle to conserve the methlythio group of MTA into the methionine ([@b50-molce-38-7-597]). This salvage step enables plants to maintain a constant level of cellular methionine, which can be utilized during rapid ethylene production ([@b58-molce-38-7-597]). ACC is then converted to ethylene by ACC oxidase (ACO), a member of the oxygenase/oxidase superfamily of enzymes ([@b23-molce-38-7-597]). The levels of free ACC are regulated by formation of ACC derivatives, malonyl-ACC, γ-glutamyl-ACC, and jasmonyl-ACC, which likely affect the pools of free ACC for ethylene biosynthesis ([@b66-molce-38-7-597]).

As gaseous ethylene is diffusible and not degraded in plant cells, strict regulation of ethylene biosynthesis is necessary to its diverse function in plant growth and development. Due to its role in the rate-limiting step of the ethylene biosynthesis pathway, ACS has been considered as a major point of the regulation in the pathway. Regulation of the transcript levels of ACS genes appears to be a key mechanism to control changes in ethylene production in plants ([@b5-molce-38-7-597]; [@b31-molce-38-7-597]). However, recent studies suggest that post-translational modifications, such as phosphorylation and ubiquitination, serve as an important mechanism to regulate the stability of the ACS proteins, thus controlling the levels of ethylene in plants ([@b5-molce-38-7-597]; [@b13-molce-38-7-597]; [@b14-molce-38-7-597]).

The family of ACS proteins can be grouped into 3 types, type-1, type-2, and type-3, based on the presence of distinct consensus sequences including phosphorylation target sites near the non-catalytic C-termini ([Fig. 2](#f2-molce-38-7-597){ref-type="fig"}) ([@b13-molce-38-7-597]; [@b49-molce-38-7-597]; [@b79-molce-38-7-597]). Type-1 ACS proteins contain a relatively long C-terminal domain that shares highly conserved sequences and the target sites for a mitogen-activated protein kinase (MAPK) and calcium-dependent protein kinase (CDPK) ([@b32-molce-38-7-597]; [@b38-molce-38-7-597]; [@b44-molce-38-7-597]). Type-2 ACS proteins have only the predicted CDPK phosphorylation site. However, type-2 ACS proteins contain a unique regulatory motif called a target of ethylene overproducer 1 (ETO1) (TOE) which overlaps with the CDPK target site. TOE motif mediates interaction with ETO1 E3 ligase and its two paralogs, ETO1-Like (EOL1 and EOL2) and is required for degradation of type-2 ACS ([@b14-molce-38-7-597]; [@b15-molce-38-7-597]; [@b69-molce-38-7-597]; [@b79-molce-38-7-597]; [@b80-molce-38-7-597]); type-3 ACS contains no target sites for a CDPK and MAPK, with only a short stretch of amino acids in the C-terminal extension ([@b13-molce-38-7-597]).

Here, I focus on recent advances and current knowledge on the protein turnover regulation of ACS in ethylene biosynthesis. New insights into the role of phosphorylation, ubiquitination and recently identified novel components governing the stability of ACS proteins are discussed. Finally, I conclude with the prospects regarding the cross-talk between ethylene and other cellular biosynthetic/signaling pathways. Transcriptional regulation in ethylene biosynthesis has been well documented, therefore not discussed in this review.

MOLECULAR GENETIC EVIDENCE FOR POST-TRANSLATIONAL MODIFICATION OF ACC SYNTHASES
===============================================================================

Treatment of Arabidopsis etiolated seedlings with ethylene results in the triple response ([@b29-molce-38-7-597]). The triple response has been extensively used to identify Arabidopsis mutants with defects in ethylene perception and signaling, as well as mutants affecting ethylene biosynthesis. The ethylene biosynthesis mutants can be further categorized into two groups: (1) cytokinin-insensitive (*cin*) mutants which are impaired in response to cytokinin, resulting in reduced levels of ethylene production in response to cytokinin; (2) ethylene-overproducer (*eto*) mutants which show a constitutive ethylene response due to increased ethylene biosynthesis ([@b14-molce-38-7-597]; [@b67-molce-38-7-597]). The recessive *cin5* mutant was identified as the first example of the *cin* mutants, and further characterization of the mutant revealed that the corresponding *cin5* mutation is a loss of function allele of the ACS5 gene. The *cin5* mutant is severely insensitive to exogenous cytokinin, and as a result, it fails to display the triple response. However, it shows normal triple response to ethylene, suggesting ACS5 is the primary target of cytokinin-mediated ethylene induction in etiolated seedlings ([@b67-molce-38-7-597]). Other phytohormones, such as auxin, brassinosteroids and ABA are also known hormonal triggers that increase ethylene production ([@b6-molce-38-7-597]; [@b71-molce-38-7-597]; [@b76-molce-38-7-597]; [@b82-molce-38-7-597]). Auxin promotes ethylene production mainly through the increase of mRNA levels of specific ACS genes in various plant species. In Arabidopsis, the most of ACS genes are transcriptionally induced in response to auxin, and auxin treatment also alters the spatial expression pattern of the ACS genes ([@b65-molce-38-7-597]). ABA has been shown to regulate ethylene production in apples, tomato and various plant tissues ([@b40-molce-38-7-597]; [@b63-molce-38-7-597]; [@b82-molce-38-7-597]). In tomato, ethylene levels increase remarkably after ABA treatment and this coincides with the increase in the expression of *LeACS2*, whereas application of NDGA, an inhibitor of a key enzyme in ABA biosynthesis, suppresses the expression of *LeACS2* ([@b82-molce-38-7-597]). Brassinosteroid is another phytohormone that enhances ethylene production by increasing the transcript abundance of ACS genes, but brassinosteroid in part promotes ethylene production by stabilizing ACS protein ([@b30-molce-38-7-597]; [@b76-molce-38-7-597]). Cytokinin, however, stimulates ethylene production by acting on the stability of ACS proteins, thereby increasing the ethylene production in plants ([@b14-molce-38-7-597]; [@b30-molce-38-7-597]; [@b67-molce-38-7-597]).

Analysis of *eto* mutants has provided further evidence that the stability of ACS proteins is regulated. Three *eto* mutants have been identified via genetic screens based on the constitutive triple response phenotype due to ethylene overproduction: *eto1*, *eto2*, and *eto3* ([@b14-molce-38-7-597]). Etiolated *eto* mutants exhibit the constitutive triple response and this phenotypes is rescued by treatment of mutant seedlings with ethylene biosynthesis inhibitor aminoethoxyvinylglycine (AVG). This suggests that the *eto* mutants are affected in ethylene biosynthesis. The dominant *eto2* and *eto3* mutations alter the C-terminal domain of ACS5 and ACS9, both type-2 ACS proteins, as the result of a single base insertion and a missense mutation, respectively. The *eto2* and *eto3* mutants significantly produce more ethylene than wild-type seedlings, but this increase in ethylene production is not correlated to the ACS5 or ACS9 gene expression, thus suggesting that the mutants control the ACS function at the post-translational level similar to the action of cytokinin. These results reveal that the C-terminal domain of both ACS proteins is a target for post-translational modification for degradation ([@b13-molce-38-7-597]).

THE ROLE OF UBIQUITINATION IN ETHYLENE BIOSYNTHESIS
===================================================

Characterization of the *eto1* revealed that ubiquitination via the 26S proteasome pathway is involved in regulating ethylene biosynthesis by modulating the protein stability of type-2 ACS proteins. Recessive *eto1* produces a nearly 10-fold excess of ethylene compared to wild-type etiolated Arabidopsis seedlings and exhibits the constitutive triple response ([@b72-molce-38-7-597]). Epistasis analysis demonstrates that ACS5 acts downstream of ETO1; the *eto1cin5* double mutant produces significantly reduced amount of ethylene compared to *eto1* itself ([@b14-molce-38-7-597]), indicating ETO1 plays a role as a negative regulator by acting through ACS5 in ethylene biosynthesis. ([@b69-molce-38-7-597]). *ETO1* encodes a novel plant-specific protein that contains a Broad-complex, Tramtrack, Bric-á-brac (BTB) and Tetratrico-peptide repeat (TPR) with a coiled-coil domain ([@b69-molce-38-7-597]). Proteins containing BTB motifs have been shown to participate in substrate recognition via their protein-protein interaction motifs and bridge substrates to Cullin 3 (CUL3)-based ubiquitin ligase complexes for degradation ([@b4-molce-38-7-597]; [@b55-molce-38-7-597]). The TPR motifs are involved in diverse protein-protein interactions, and also serve as a scaffold for the assembly of high-order protein complexes ([@b8-molce-38-7-597]). ETO1 interacts with ACS5 and CUL3, and in the case of ACS5, this interaction is dependent on the C-terminus of ACS5, as ETO1 fails to interact with ACS5^eto^ ([@b55-molce-38-7-597]; [@b69-molce-38-7-597]). Consequently, these studies suggest that ETO1 serves as a substrate-specific adaptor to bridge ACS5 to the CUL3 to regulate ACS5 protein degradation. Analysis of ETO1 function in plants shows that ETO1 suppresses cytokinin-induced ACS protein stabilization via the C-terminus of ACS5. Overexpression of ETO1 inhibits cytokinin-induced ethylene biosynthesis, and overexpression of ACS5 results in a partial constitutive triple response which is suppressed by co-expression of ETO1 ([@b69-molce-38-7-597]). However, additional data indicate that cytokinin-mediated stabilization and ETO1-mediated destabilization are at least partially independent effects; exogenous cytokinin treatment still increases ACS5 protein stability in etiolated *eto2* and *eto3* seedlings, suggesting cytokinin partially acts via an alternative mechanism that is independent of ETO1 and ACS5 C-terminus ([@b30-molce-38-7-597]).

Other factors that modify E3 ligase function involved in ethylene biosynthesis are the Related to the Ubiquitin (RUB) and RUB1 Conjugating Enzyme (RCE1) ([@b11-molce-38-7-597]; [@b41-molce-38-7-597]). Like ubiquitin, RUB functions through a covalent attachment to target proteins. In Arabidopsis, RUB attaches to the cullins, thereby promoting the activity of the SCF (for Skp, Cdc53p/Cul1, and F-box protein) ubiquitin ligase complex for polyubiquitination of target proteins. Interestingly, RNA interference lines of RUB exhibit the partial triple response in etiolated seedlings due to the increase in ethylene biosynthesis, implying that conjugation of RUB to CUL3 is required for the activation of ETO1 containing CUL3 E3 ligase complex ([@b11-molce-38-7-597]). Analysis of the *rce1* mutant also demonstrated that the modification of RUB is required for regulating ethylene biosynthesis ([@b41-molce-38-7-597]). *RCE1* encodes a RUB conjugating enzyme, and has been shown to conjugate RUB to the SCF complex to modify the activity of the complex. The recessive *rce1* mutant displays the constitutive triple response and overproduces ethylene. Interestingly, the basis of ethylene overproduction phenotype of *rce1* is not due to enhanced ACS activity, but due to an increase of ACO activity. ACO is generally not a rate-limiting step in ethylene biosynthesis during vegetative Arabidopsis tissues; however, ethylene biosynthesis in *R. palustris* is limited by ACO activity during submergence. Elevated ethylene levels have been shown to increase ACO activity, which could explain the increased ACO activity in *rce1* ([@b68-molce-38-7-597]).

XBAT32, a RING domain-containing ankyrin repeat subfamily of E3 ligases, also plays a role in ethylene biosynthesis by controlling the turnover of ACS4 (type-2) and ACS7 (type-3) ([@b46-molce-38-7-597]). XBAT32 was previously identified as a positive regulator of lateral root development and the *xbat32* mutant produces significantly less ethylene than wild type ([@b52-molce-38-7-597]; [@b56-molce-38-7-597]). XBAT32 interacts with the ACS proteins and it catalyzes the attachment of ubiquitin to the ACS proteins ([@b56-molce-38-7-597]), suggesting XBAT32 negatively regulates the ethylene biosynthesis by regulating the stability of ACS proteins.

THE ROLES OF PHOSPHORYLATION IN ETHYLENE BIOSYNTHESIS
=====================================================

Phosphorylation is one of the most abundant post-translational modifications which affect many important aspects of protein function, including activity, stability, subcellular localization and protein-protein interaction ([@b34-molce-38-7-597]). Mounting evidence suggests that ethylene biosynthesis is regulated by phosphorylation events which likely influence ACS protein turnover. Studies from the application of kinase and phosphatase inhibitors to tomato suspension cell cultures and tissues indicated that phosphorylation regulates the activity and/or turnover of ACS ([@b36-molce-38-7-597]). A CDPK present in the extracts of wounded tomato fruits phosphorylates LeACS2 ([@b48-molce-38-7-597]). The extract containing CDPK activity phosphorylates the C-terminal domain of LeACS2 in vitro, but the activity of the LeACS2 does not show a significant increase, suggesting phosphorylation regulates the turnover of ACS rather than affecting the activity. The C-terminus of LeACS2 contains a consensus phosphorylation target site for a CDPK, and this CDPK recognition site is present in a subset of ACS isoforms ([Fig. 2](#f2-molce-38-7-597){ref-type="fig"}) ([@b36-molce-38-7-597]). Unlike the target sites of MAPK in the C-terminal domain of the type-1 ACS proteins, phosphorylation of the CDPK target site, which lies immediately upstream from the target site for MAPK has not been shown to be phosphorylated *in vivo* and *in vitro*.

Among three types of ACS, protein stability of the type-1 and type-2 ACS proteins has been shown to be directly regulated by phosphorylation. Genetic and biochemical studies of a MAPK pathway have revealed that pathogen-activated Arabidopsis MPK6 phosphorylates the type-1 ACS2 and ACS6, which leads to increased accumulation of these ACS proteins and, hence, increases ethylene production ([@b35-molce-38-7-597]; [@b44-molce-38-7-597]). MPK6 phosphorylates 3 serine residues residing within the consensus MAPK target site in the C-terminus *in vitro*, suggesting MPK6-mediated phosphorylation of ACS2 and ACS6 prevents their degradation, resulting in an increase in ethylene biosynthesis in response to pathogen attack. [@b42-molce-38-7-597] report a similar result that rice MPK3 and 6 are involved in ethylene production via the Salt-Intolerance 1 receptor-like kinase (SIT1), but ACS stability was not discussed in their work.

Until recently, the effect of phosphorylation on type-2 ACS protein stability was not clear; neither direct phosphorylation nor responsible kinase has been identified. However, a recent study demonstrated that a Casein Kinase isoform 1.8 (CK 1.8) phosphorylates the type-2 ACS5 protein, which in turn promotes the interaction between ETO1 and ACS5, resulting in the degradation of ACS5 protein ([@b61-molce-38-7-597]). The *ck1.8* mutant displays the constitutive triple response due to overproduction of ethylene similar to the *eto* mutant. Interestingly, the triple response of *ck1.8* seedlings is only observed in the hypocotyl and hook, not in the roots, implying that CK1.8 affects specific aspects of ethylene-mediated seedling growth responses.

NEW PLAYERS AND THEIR ROLES IN ACS PROTEIN TURNOVER REGULATION IN ETHYLENE BIOSYNTHESIS
=======================================================================================

Several recent studies have identified novel regulatory factors which target multiple ACS isoforms belonging in different types of ACS ([Fig. 3](#f3-molce-38-7-597){ref-type="fig"}). This regulatory feature is distinct from that of previous known regulatory proteins with a type-specific targeting (e.g. ETO1/EOL E3 ligase for type-2 and MAPK3/6 for type-1 ACS). 14-3-3 proteins, novel regulator of ethylene biosynthesis, target all three types of ACS ([Fig. 3](#f3-molce-38-7-597){ref-type="fig"}) ([@b77-molce-38-7-597]). 14-3-3 proteins are a family of evolutionarily well-conserved dimer proteins that specifically interact with phosphoproteins and are involved in a diverse array of physiological processes ([@b18-molce-38-7-597]; [@b24-molce-38-7-597]; [@b25-molce-38-7-597]). Upon interaction with target proteins, 14-3-3 proteins change their localization, stability, and activity, resulting in changes in physiological responses ([@b25-molce-38-7-597]). There are 13 functional 14-3-3 genes in *Arabidopsis* and their encoded proteins possess a highly conserved target binding domain, which can recognize a short stretch of peptide containing phosphoserine or phosphothreonin on target proteins ([@b3-molce-38-7-597]; [@b19-molce-38-7-597]; [@b22-molce-38-7-597]). This could allow different 14-3-3 isoforms to function redundantly by recognizing similar sets of target proteins. However, increasing results suggest that a defined subset of 14-3-3 isoforms display specific functions, such as the regulation of stomatal opening, flowering time, and phytochrome signaling in *Arabidopsis* ([@b48-molce-38-7-597]; [@b53-molce-38-7-597]; [@b57-molce-38-7-597]; [@b64-molce-38-7-597]). It is unclear whether this is a result of biochemical specificity or simply differences in expression patterns of 14-3-3 isoforms in plants.

14-3-3 interacts with all three types of ACS proteins via a non-C-terminal domain of the proteins and there is no specificity in the interaction between 14-3-3 isoforms and ACS proteins in bimolecular fluorescence complementation assay ([@b77-molce-38-7-597]). 14-3-3 stabilizes ACS protein by direct interaction and by negatively regulating the stability of the E3 ligases, ETO1/EOLs, which specifically target the type-2 ACS proteins for degradation ([@b77-molce-38-7-597]). Studies from mammalian and yeast systems have suggested that the stability of F-box proteins which promote ubiquitination in the ubiquitinproteasome pathway, is regulated based on the availability of substrates through an autocatalytic process ([@b33-molce-38-7-597]; [@b70-molce-38-7-597]). It is possible that 14-3-3 proteins preferentially interact with type-2 ACS proteins, which in turn leads to the depletion of the ACS proteins for the ETO1/EOLs, thus regulating the turnover of both sets of proteins. Alternatively, the interaction with dimeric 14-3-3 proteins may cause the ETO1/EOLs to dimerize, thereby promoting self-ubiquitination and subsequent degradation. Finally, the interaction with 14-3-3 proteins could enhance the interaction with distinct E3 ligases, such as XBAT32, leading to the ubiquitination and subsequent degradation of the ETO1/EOLs. Intriguingly, in mammalian cells, 14-3-3σ interacts with and regulates the protein stability of a short-lived p53 tumor suppressor protein and its cognate E3 ligases COP1 and MDM2 ([@b60-molce-38-7-597]; [@b75-molce-38-7-597]). 14-3-3σ stabilizes p53 by down-regulation of MDM2 and COP1 protein stability. This 14-3-3-mediated inverse stability regulation on p53 and MDM2 and COP shows a similar regulatory mechanism by which Arabidopsis 14-3-3 ω control the protein stability of ACS5 and ETO1/EOLs, suggesting that the function of a subset of 14-3-3 isoforms in protein stability regulation is evolutionarily conserved between mammalian and plants. Several findings imply that 14-3-3 also regulates ACS stability independently of ETO1/EOLs ([@b77-molce-38-7-597]; [@b78-molce-38-7-597]). First, 14-3-3 interacts with ACS5^eto2^, a type-2 ACS with a lack of TOE motif for ETO1/EOL interaction. Secondly, 14-3-3 directly interacts and stabilizes the sole type-3 ACS7 and type-1 ACS2, whose protein stability is not regulated by the ETO1/EOLs. Finally, 14-3-3 increases ACS stability in *eto1;eol1;eol2* triple mutant. Thus, there is at least one other system acting to degrade type-2 ACS proteins in addition to the ETO1/EOLs, but in the manner dependent on 14-3-3 function. This is consistent with the observation that cytokinin and brassinosteroid increase type-2 ACS function partly through a TOE-independent mechanism ([@b30-molce-38-7-597]).

While 14-3-3 positively regulates ACS protein stability ([@b77-molce-38-7-597]; [@b78-molce-38-7-597]), studies from characterization of the *RARE COLD INDUCIBLE 1A* (*RCI1A*), which encodes a 14-3-3 φ isoform suggest that 14-3-3 φ negatively regulate the protein stability of ACS in response to cold stress ([@b12-molce-38-7-597]). *rci1a* mutant displays increased levels of ACS6 protein in response to cold treatment, and this change is not due to the changes of the ACS6 mRNA levels. However, the direct effect of 14-3-3 on ACS protein stability was not demonstrated in the study. Catala et al. suggest that the discrepancy of two studies might be contributed to the functional specificities of 14-3-3 isoforms; [@b78-molce-38-7-597] used 14-3-3 ω, while [@b12-molce-38-7-597] used 14-3-3 φ isoform ([@b10-molce-38-7-597]; [@b26-molce-38-7-597]; [@b54-molce-38-7-597]). A recent study also reported that single 14-3-3 isoform could have distinct functions depending on the binding sites on a given target protein ([@b28-molce-38-7-597]).

Identification and characterization of the role of CK1.8 have also brought new insights into the post-translational regulation in ethylene biosynthesis ([@b61-molce-38-7-597]). CK1.8 is a conserved serine/threonine protein kinase that plays role in various physiological processes, including blue light signaling, flowering, microtubule organization and brassinosteroid signaling in rice ([@b7-molce-38-7-597]; [@b17-molce-38-7-597]; [@b45-molce-38-7-597]; [@b62-molce-38-7-597]). As briefly discussed in the previous section, the *ck1.8* mutant overproduces ethylene resulting from accumulation of ACS proteins, suggesting CK1.8 is a negative regulator of ACS protein stability. CK1.8 phosphorylates ACS5 at threonine residue 463 (T463) which is located within the TOE motif, and phosphorylation on this site promotes the interaction with ETO1, indicating the phosphorylation of T463 on ACS5 plays a negative role in ACS5 protein stability. However, T463 is not highly conserved in type-2 ACS proteins. It can be found in only in a subset of Arabidopsis type-2 ACS (ACS5 and ACS9), type-1 (ACS6), and tomato type-1 (LeACS2), suggesting that CK1.8 could target different ACS types rather than committing to regulate a specific type of ACS ([Fig. 3](#f3-molce-38-7-597){ref-type="fig"}). The role of CK1.8 is somewhat in contrast to what has been observed from other studies indicating that phosphorylation promotes ACS protein stability.

The *roots curl in 1-N-naphthylphthalamic acid 1* (*RCN1*) gene encodes one of three regulatory/scaffolding A subunits of Arabidopsis PP2A, and targets the type-1 protein ACS2 and ACS6 for regulating their stability ([@b59-molce-38-7-597]). Genetic studies revealed that the function of RCN1 requires ACS2 and ACS6 and the *rcn1* mutant exhibits increased accumulation of the ACS6, suggesting phosphorylation promotes the protein stability of type-1 ACS. Strikingly, *rcn1* shows different effects on type-2 ACS5 protein stability. In etiolated *rcn1* seedlings, the accumulation of myc-tagged ACS5 is significantly reduced, whereas accumulation and turnover of the myc-ACS5^eto2^ is not affected, indicating that RCN1 plays a positive role in ACS5 stability through the TOE motif of ACS5. However, RCN1-directed dephosphorylation on ACS5 has not been evidenced, suggesting the possibility that RCN1 may dephosphorylate the ETO1 complex. Both RCN1 and CK1.8 regulate the stability of ACS5 through the TOE domain, but it is not clear whether the effects of RCN1 on ACS5 are dependent on CK1.8 or ETO1/ EOLs.

Due to the lack of regulatory motifs in the C-terminal domain, including phosphorylation sites, it was considered that ACS7, the sole type-3 ACS, may not be subjected to proteasome-mediated degradation pathway, and that it may be more stable than other ACS proteins ([@b13-molce-38-7-597]). However, Lyzenga et al., recently showed that the protein stability of ACS7 is also governed by the ubiquitin-mediated proteasomal degradation, and that degradation requires the Ring-type E3 ligase XBAT32 ([@b46-molce-38-7-597]). Interestingly, XBAT32 also confers protein instability to the type-2 ACS4, suggesting XBAT32-mediated degradation mechanism is not specific for the type-3 ACS. A cell-free degradation assay shows that changes in 4 lysine residues in the C-terminal domain of ACS4 results in accelerating degradation of ACS4 protein. This result is similar to the observation that K435R in the C-terminus of Flag-ACS7 promotes the turnover rate of the ACS7, suggesting the C-terminal lysine residues are not for ubiquitination, but for stabilization of ACS4 and ACS7. Shortly after, Xiong et al. raise interesting aspects of the protein stability regulation of ACS7. They showed that destabilization sequences of the ACS7 are located in the N-terminus of ACS7. The N-terminal 54 residues of the ACS7 confer significant instability to ACS7^1--54^-GUS and first 14 amino acids are responsible for negative regulation of the ACS7 protein stability ([@b73-molce-38-7-597]). One possible explanation for this may be due to the nature of the C-terminal fusion of the ACS7-GUS used in the study. Traditionally, the N-terminal fusion of ACS has been routinely utilized for studying the turnover of ACS to avoid masking the C-terminal regulatory domain and this may be blamed for concealing the destabilization signals located at the N-termini and making only the C-terminal signals available to degradation machinery. It is interesting to further study the role of the N-terminal domain of other types of ACS whether they also contain putative degradation sequences in their N-termini.

IDENTIFICATION OF NOVEL REGULATORS IN ETHYLENE BIOSYNTHESIS: THE POINT OF CROSSTALK BETWEEN ETHYLENE AND OTHER BIOSYNTHETIC/SIGNALING PATHWAYS?
===============================================================================================================================================

Several studies indicate that there are molecular components acing on the non-C-terminal domain of ACS proteins to regulate their stability. Cytokinin and brassinosteroid stabilize ACS5^eto2^ and ACS9^eto3^ and the effects of these two hormones on the protein stability are additive, suggesting cytokinin and brassinosteroid act through distinct TOE-independent mechanisms on these ACS proteins ([@b30-molce-38-7-597]). Genetic studies showed that cytokinin-mediated ACS stabilization requires a functional cytokinin signaling pathway ([@b30-molce-38-7-597]). Mutation in the signaling components, cytokinin receptors, AHPs, and type-A and type-B transcription factors, in the cytokinin signaling pathway produce reduced amounts of ethylene in response to exogenous cytokinin. The effect of brassinosteroid in ethylene biosynthesis is somewhat distinguished from the typical triple response that has been observed with cytokinin treatment; BR treatment results in a shortened and thickened hypocotyl formation; but it does not induce an exaggerated hook formation; and shortening of the root and hypocotyl is less severe than for cytokinin-treated seedlings. Interestingly, the ethylene-insensitive mutant *ein2-5* still shows cytokinin and BR induced hypocotyl phenotypes, although the extent is not as severe as in wild type, indicating this process is independent of the ethylene signaling pathway. Although it has not been demonstrated whether gibberellin regulates the turnover of ACS proteins, studies from the characterization of a *gai;eto2* (*gibberellin insensitive;ethylene overproducing*) double mutant showed that GA signaling is required for ACS stabilization via the TOE-independent manner, as the overproduction phenotype of *eto2* is abolished in the *gai;eto2* double mutant ([@b20-molce-38-7-597]; [@b21-molce-38-7-597]). Furthermore, 14-3-3-mediated ETO1/EOL-independent stabilization of ACS proteins also indicates the existence of an alternative mechanism to stabilize ACS proteins ([@b77-molce-38-7-597]). It is not clear whether the ETO1/EOL-independent mechanism acts in the same pathway that is utilized by the other factors, but is it of great interest to further study to identify molecular elements involving in these regulatory pathways.

Together, these studies indicate that there are molecular components that act as the points of cross-talk between ethylene biosynthesis and other hormonal signaling pathways. Identification of these elements will bring new insights into understanding the mechanism by which protein turnover of ACS is regulated to coordinate and merge different hormonal inputs to regulate ethylene production which effects on many diverse ranges of plant growth and development.
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![The ethylene biosynthetic pathway and its intermediates. S-adenosyl methionine (SAM) synthase uses methionine as a precursor for SAM. SAM is subsequently converted to 1-aminocyclopropane-1-carboxylic acid (ACC) in the first committed step in the ethylene biosynthesis by a family of ACC synthase (ACS) proteins, resulting in the release of methylthioadenosine (MTA). ACC is then finally converted to ethylene by ACC oxidase (ACO). MTA is recycled back to Yang cycles. Dashed line indicates additional enzymatic steps in the Yang cycle.](molce-38-7-597f1){#f1-molce-38-7-597}

![Structures of the different subgroups of ACC synthases and their regulatory motifs. Each type of ACS protein consists of a short N-terminus, followed by a conserved catalytic domain and a C-terminal domain with regulatory motifs, including phosphorylation sites. The target serine residue for calcium-dependent protein kinase (CDPK) is shown as a black bar and the target serine residues for mitogen-activated protein kinase (MAPK) are shown as grey bars. Target of ETO1 (TOE) motif in type-2 ACS is highlighted in red box. Type-3 ACS does not contain any regulatory motifs. The cartoon does not accurately represent the scale between the domains of ACS.](molce-38-7-597f2){#f2-molce-38-7-597}

![Regulatory elements determine the stability of ACS in Arabidopsis. Mitogen-activated protein kinase 3/6 (MPK3/6) and Ethylene Overproducer 1/ETO1-Like (ETO1/EOL) E3 ligases target a specific type of ACS, whereas 14-3-3, Roots curl in 1-N-naphthyl-phthalamic acid 1 (RCN1), XBAT32, and casein kinase 1.8 (CK1.8) could regulate the protein stability of more than one type of ACS. Positive or negative regulation of the different types of ACS protein stability is shown as black or red lines, respectively. Solid lines indicate interactions for which there is direct experimental evidence. Dashed lines indicate hypothetical interactions suggested by indirect evidence.](molce-38-7-597f3){#f3-molce-38-7-597}
